Objective: This study was aimed at assessing the dynamics of vitronectin (VN), laminin (LN), and heparan sulfate/heparin (HS/HP) content changes during experimental burn healing. Methods: VN, LN, and HS/HP were isolated and purified from normal and injured skin of domestic pigs, on the 3rd, 5th, 10th, 15th, and 21st days following thermal damage. The wounds were treated with apitherapeutic agent (propolis), silver sulfadiazine (SSD), physiological salt solution, and propolis vehicle. VN and LN were quantified using an immunoenzymatic assay and HS/HP was estimated by densitometric analysis. Results: Propolis treatment stimulated significant increases in VN, LN, and HS/HP contents during the initial phase of study, followed by a reduction in the estimated extracellular matrix molecules. Similar patterns, although less extreme, were observed after treatment with SSD. Conclusions: The beneficial effects of propolis on experimental wounds make it a potential apitherapeutic agent in topical burn management.
Introduction
Propolis possesses a plethora of biological and therapeutic mechanisms, such as immunomodulatory, antitumor, antiinflammatory, antioxidant, antibacterial, antiviral, antifungal, and antiparasitic actions and can accelerate wound healing and reepithelization (McLennan et al., 2008; Sforcin and Bankova, 2011) . Particular propolis compounds have been extensively analyzed; however, little experimental research of its effects on burn wound healing has been carried out (Sforcin and Bankova, 2011) . Skin repair after injury proceeds via a finely-tuned pattern of integrated phases: hemostasis, inflammation, proliferation, and remodeling, which all involve a number of cellular and molecular processes (Tong et al., 2008; Goh et al., 2010; Liu et al., 2010; Groah et al., 2011) . These include migration and proliferation of epidermal cells and keratinocytes, fibroblast adherence, and extracellular matrix (ECM) contraction (Chen et al., 2005; Goh et al., 2010; Kikkawa et al., 2010) . These mechanisms require deposition not only of multidomain adhesive glycoproteins such as laminin (LN) and vitronectin (VN) but also of glycosaminoglycans (GAGs) such as heparan sulfate/heparin (HS/HP) (Schultz and Wysocki, 2009) . LN is essential for cell-cell recognition, differentiation, cell survival, and force transmission (Voermans et al., 2008) . This omnipresent glycoprotein of all basement membranes is composed of three distinct subunits (α-, β-, and γ-chains), which oligomerize to form a cruciform or T-shaped heterotrimer (Voermans et al., 2008; Durbeej, 2010; Roediger et al., 2010) . In vertebrates, five α, three β, and three γ chains, have been identified to create 18 different LN isoforms (Durbeej, 2010) . Each LN chain contains specific domains capable of interacting with cellular receptors such as integrins and extracellular ligands including heparan sulfate proteoglycans (HSPGs) (Tzu and Marinkovich, 2008; Durbeej, 2010) . Binding of LN to cell surface receptors facilitates its multimerization (Ragbow et al., 2006) . Another multiadhesive glycoprotein, VN, present in plasma as a single-chain (75 kDa) or two-chain (10 and 65 kDa) form, undergoes a multimerization process in the ECM (Ekmekçi and Ekmekçi, 2006; Sano et al., 2007) . Human VN, also known as a serum-spreading factor or complement S-protein, consists of four structurally different domains: somatomedin B (SMB), hemopexin 1 (N-glycosylated), hemopexin 2, and a connecting region linking the somatomedin and hemopexin 1 domains (Ekmekçi and Ekmekçi, 2006; Piccard et al., 2007) . Due to the Arg-Gly-Asp (RGD) amino acid sequence occurring in the SMB domain, VN binds integrins and serves as a cell attachment site promoting cellular adhesion and spreading (Ekmekçi and Ekmekçi, 2006) . VN and LN interact with HS/HP proteoglycans (Beauvais et al., 2009; Durbeej, 2010) . HS/HP is attached by covalent linkage to the core protein, forming in vivo HSPG (Wegrowski et al., 2006) . HS/HP is a linear polymer consisting of repeating disaccharide subunits composed of α(1→4) linked uronic acid (either D-glucuronic acid (GlcA) or L-iduronic acid (IdoA)) and D-glucosamine (Wang et al., 2010; Malavaki et al., 2011) . HS is less sulfated with lower IdoA content compared with HP-the highest negatively charged GAG (Malavaki et al., 2011) . HS/HP is recognized as a pivotal player in angiogenesis, cell growth, migration, and differentiation (Wegrowski et al., 2006; Malavaki et al., 2011) . The expressions of VN, LN, and HS/HP can be changed over the course of different physiological and pathological conditions, resulting in a modified cellular and molecular course of action occurring in the tissue regenerating process. Hence, the aim of this paper was to investigate the influence of the apitherapeutic agent on LN, VN, and HS/HP content changes during experimental burn healing.
Materials and methods

Therapeutic agents
Propolis formulation (apitherapeutic ointment) accepted by the National Institute of Hygiene (certificate number: HŻ/06107/00; date: Nov. 4, 2000) . Dermazin-1% (0.01 g/ml) silver sulfadiazine (SSD) cream, Sandoz/Lek, Poland.
Tissue materials
The study protocol was approved by the Ethics Committee of the Medical University of Silesia, Poland. Four 16-week-old domesticated pigs were chosen for the evaluation of wound repair because of the many similarities of pig skin to human skin. Seventy-two contact burn wounds were inflicted according to the methods proposed by Hoekstra et al. (1993) and Brans et al. (1994) . Pigs were housed according to the Good Laboratory Practice (GLP) Standards of Polish Veterinary Law. Animals were divided into control (n=2) and experimental (n=2) groups. In the control group wounds were treated with physiologic saline (NaCl) to observe the healing process occurring without management (one animal) or with a propolis vehicle in order to exclude its possible effect on the propolis properties (another animal), twice a day, throughout 21 d. In the experimental group, burns were treated with propolis (one animal) or SSD (another animal), twice a day, for 21 d. Biopsies, in three replications, were taken from healthy skin at Day 0 and from the wound bed on post-burn Days 3, 5, 10, 15, and 21.
After burn infliction, thermally damaged tissues were rinsed with an antiseptic agent and then treated with propolis, SSD, propolis vehicle, and NaCl, respectively. In the case of burn wounds treated with the propolis, SSD, and propolis vehicle, the wound surface was covered with 0.50-0.75 cm layer of topically applied experimental agent. The wounds were then covered with a woven cotton material. The wounds left by the biopsy were covered with collagen dressing.
Extraction and assay of tissue VN and LN
Tissue samples, after homogenization with acetone (30 000 r/min, 4 °C for 30 min) and weighing, were treated with 2 mol/L urea solution in 0.05 mol/L Tris-HCl buffer (pH=7.2) containing 0.2 mol/L NaCl, 0.005 mol/L ethylenediaminetetraacetic acid (EDTA), 0.05 mol/L ε-amino caproic acid, and 0.001 mol/L phenylmethylsulfonyl fluoride. Extraction was carried out using constant shaking (4 °C for 24 h). Samples were then centrifuged (19 000×g for 1 h). Tissue pellets were repeatedly extracted as described above. Obtained supernatants were combined and treated with 100% (1 g/ml) trichloroacetic acid (TCA) to achieve 10% acid solution. Precipitation was carried out at 4 °C for 12 h. Protein precipitates were centrifuged (19 000×g for 1 h) and then washed twice with ethanol to remove the TCA. The first wash was conducted with 80% ethanol solution at 20 °C for 2 h with gentle shaking. The second wash was conducted with anhydrous ethanol (Takasaki et al., 1991) . Dried protein pellets were stored at −80 °C until quantified. The estimation of LN and VN contents in the protein pellets was obtained using the direct immunoenzymatic method. The following procedure was applied: proteins extracted from samples (0.1 g of dry tissue) of healthy and burned pig skin were dissolved in phosphate buffered saline (PBS) buffer (pH 7.4), and added to microtiter plate wells (Immulon 2HB, Thermo Labsystems, USA) and allowed to adsorb. Well coating was conducted overnight at 4 °C. Upon coating, wells were washed three times with 250 μl of PBS containing 0.05% Tween 20 (i.e., washing buffer) and incubated for 1 h in the washing buffer with 1% (0.01 g/ml) bovine serum albumin (BSA) to prevent nonspecific binding. After extensive rinsing with the washing buffer, coated proteins were exposed for 1 h at room temperature to mouse monoclonal anti-porcine LN antibody (Sigma, L8271) or rabbit anti-porcine VN antibody (CosmoBio, LSL-LB-2096). Subsequently, after rinsing with washing buffer, the appropriate secondary antibodies (i.e., goat anti-mouse and goat anti-rabbit IgG, respectively) conjugated to peroxidase were applied for 1 h at room temperature. Both sera were used at dilution of 1:50 000. After exhaustive rinsing, the colorimetric reaction was initiated by addition of 100 μl of peroxidase substrate 3,3′,5,5′-tetramethylbenzidine, and stopped after 30 min with 100 μl of 1 mol/L HCl. Absorbance in particular wells was measured at 450 nm using an enzyme-linked immunosorbent assay (ELISA) microplate reader TECAN infinite M200. The following antibodies were used: an anti-mouse IgG (Fab specific) peroxidase conjugate antibody developed in goat (Sigma, A2304) and an anti-rabbit IgG (whole molecule) peroxidase conjugate antibody developed in goat (Sigma, A9169).
Extraction and assay of tissue HS/HP
GAG isolation was carried out according to methods described by Scott (1960) and van Amerongen et al. (1990) . Briefly, tissue samples, after homogenization with acetone (30 000 r/min, 4 °C for 30 min), were exhaustively digested with papain (25 mg added to 1 g of dry tissue) in 0.1 mol/L PBS (pH 6.5) for 48 h at 65 °C, to release GAG chains from proteoglycan (PG) core proteins. Peptides generated by papain action, as well as proteins resistant to the enzyme, were removed by precipitation with 100% (1 g/ml) TCA, for 24 h at 4 °C. The mixture was then centrifuged (14 000×g for 20 min at 4 °C). Supernatants (I) containing GAG were restored, while protein pellets were washed with 7% (0.07 g/ml) TCA and centrifuged (14 000×g for 20 min at 4 °C). Both supernatants were combined and subsequently dialyzed against distilled water at exclusion 8-15 kDa (Visking Serva) for 20 h at 4 °C. GAGs were precipitated with ethanol, dissolved in 0.5 mol/L potassium acetate, and reprecipitated with 3 volumes 96% ethanol. After centrifugation (15 500×g for 25 min at 4 °C), the supernatant was discarded, and GAG pellets were dissolved in deionized water and stored at −75 °C until used for biochemical analysis. The total amounts of GAG were quantified by the hexuronic acid assay according to Blumenkrantz and Asboe-Hansen (1973) as modified by Slim et al. (1994) . Samples of isolated GAG were electrophoresed on cellulose acetate, before and after the use of enzymes specifically eliminating particular GAG types. The following GAG digestion factors were used: chondroitinase ABC (pH 6.0), chondroitinase ABC (pH 8.0), and chondroitinase B (pH 7.5) (Sigma Aldrich, Poland). Electrophoretic fractionation of GAG was performed as described . Obtained electrophoregrams were analyzed by gel documentation system (G:BOX BioImaging Systems).
Statistical analysis
Repeated measures analysis of variances (ANOVA) was applied to test significance of univariate measures of factors with more than two levels (in our research, six levels: Day 0 and post-burn Days 3, 5, 10, 15, 21) followed by Tukey's post-hoc tests. Sphericity assumptions were verified and eventually, Greenhouse and Geisser (1959) correction and Huynh and Feldt (1970) adjustments were used. Pearson's coefficient was used to estimate the association between two of all analyzed variables because of the normal distribution found in our results. P<0.05 was considered to indicate statistical significance (StatSoft, Statistica Version 10).
Results
The experimental analysis allowed us to identify two multiadhesive glycoproteins VN and LN as well as GAGs such as HS/HP. As shown in Fig. 1 , an increase in VN content in the course of burn repair process, particularly visible after propolis application, was followed by the reduction in VN amount after the 3rd day of the experiment. When SSD was applied, the VN content increased until Day 5 and then began to decrease over the next few days. In contrast, NaCl and propolis vehicle weakly stimulated VN deposition, which peaked at Day 10. The differences in VN content between the first and the last days of the experiment were statistically significant in the case of NaCl-treated wounds (P<0.05). On the other hand, at the final phase of burn healing, propolis (as compared to SSD and propolis vehicle) stimulated the greatest degree of VN level reduction down to the levels resembling those in healthy skin.
It was also found that during the healing process, the LN amount derived from burned tissue varied depending on the applied agent. The most marked increase in LN content (Days 0-3), followed by a reduction (both alterations statistically significant), was observed in the burned tissue after propolis treatment. Similar changes were found when SSD was applied. A statistically significant trend in LN content was observed in tissues treated with NaCl and propolis vehicle until the 3rd day of the study. Over the next few days, the LN content changed marginally as compared to effects of propolis and SSD treatments. The differences in LN content between the first and the last days of the experiment were statistically significant in all studied tissue samples. The results obtained are presented in Fig. 2 .
The electrophoretic analysis of tissue GAGs confirmed the presence of chondroitin sulfate (CS), dermatan sulfate (DS), hyaluronic acid (HA), and HS/HP (Fig. 3) . Short-term elevation in wound HS/HP amount was observed only in the case of propolis treatment. It was visible in the first three post-burn days. In the case of skin treated with SSD, propolis vehicle, and NaCl, changes in HS/HP amount were not found. The results obtained are presented in Fig. 4 .
As can be seen from Table 1 , during experimental tissue healing positive correlations were observed between: LN and VN isolated from tissues treated with propolis; LN extracted from tissues treated with propolis and VN of SSD-supplied tissues; LN and VN of SSD-treated tissues; LN and VN of NaCl-treated tissues; LN extracted from tissues treated with propolis vehicle and VN of NaCl-treated tissues.
Moreover, positive correlations were observed between: HS/HP and VN of propolis-supplied tissues; HS/HP extracted from tissues treated with SSD and VN of propolis-supplied tissues (Table 2) .
Furthermore, as can be seen from Table 3 , during experimental tissue healing, positive correlations were observed between: HS/HP and LN of propolissupplied tissues; HS/HP extracted from tissues treated with SSD and LN of propolis-supplied tissues; HS/HP extracted from tissues treated with propolis vehicle and LN of SSD-treated tissues. Pearson's correlation coefficient (r) was used to estimate the association between two of all analyzed variables. NS: non-significant
Discussion
Wound healing occurs in multiple stages over several days, and involves increased cell migration and proliferation as well as de novo synthesis of connective tissue (Chen et al., 2005; El Kahi et al., 2009) . It is generally accepted that the fibroblasts, keratinocytes, and epidermal cells are pivotal cell "players" throughout the wound healing process (El Kahi et al., 2009; Räsänen and Vaheri, 2010) . During tissue regeneration, interaction of keratinocytes and fibroblasts determines conversion of the wound microenvironment from an inflammatory to a synthesisdriven granulation tissue (Werner et al., 2007) . Epidermal cells exhibit immunoregulatory functions when skin homeostasis is disrupted by damage or inflammation (Havran and Jameson, 2010) . However, fibroblasts, keratinocytes, and epidermal cells are unable to fulfill their special roles during tissue regeneration without the simultaneous accumulation of multiadhesive glycoproteins such as VN and LN or GAGs such as HS/HP in the wound bed. VN, in the presence of growth factors, stimulates keratinocyte migration, proliferation, as well as protein synthesis (Hyde et al., 2004) . LN is necessary for migration and proliferation of epidermal cells (Kikkawa et al., 2010) . HS/HP is indispensable for adhesive and contractile signaling resulting in myofibroblast formation and wound closure (Chen et al., 2005) . The present paper demonstrates the influences of apitherapeutic agents, propolis, and SSD on VN, LN, and HS/HP expression in matrix of experimental burn wounds. Propolis is well known for its antimicrobial, anti-inflammatory, and healing time-reducing properties (Olczyk et al., 2010) . SSD is the agent of choice for topical burn therapy, effective in controlling the infection of damaged skin (Costagliola and Agrosi, 2005) . Unfortunately, SSD may lead to prolongation of the wound reepithelization process as well as decrease mechanical strength of the dermal tissue (Costagliola and Agrosi, 2005) . For the effective comparison of propolis and SSD influence on VN, LN, and HS/HP deposition in the wound bed matrix, the animal model was implemented. Animal wound models constitute the gold standard for understanding reepithelization, angiogenesis, inflammation, and scar formation (Geer et al., 2004) .
It was found that propolis stimulated the increase in VN content until the 3rd day of the experiment. It is conceivable that this biological effect of propolis is associated with its ability to stimulate the expression of transforming growth factor-β (TGF-β) (Ansorge et al., 2003; Moura et al., 2011) , which in turn induces VN synthesis. TGF-β is responsible for the enhanced deposition of VN which participates in the early phases of wound repair such as hemostasis and inflammation (Koli et al., 1991; Ekmekçi and Ekmekçi, 2006; Bernards and Jiang, 2008) . During the following days of the experiment, propolis-treated tissues experienced a reduction in VN amounts down to the level characteristic for healthy skin. This phenomenon is crucial in the later stages of the healing process, because VN stabilizes plasminogen activator inhibitor-1 (PAI-1) both in the plasma and ECM. PAI-1 may cause excessive accumulation of newly synthesized collagen by keloid fibroblasts, representing a novel mechanism participating in keloid pathogenesis (Tuan et al., 2008) . The slower and later occurring growth of VN amount followed by its subsequent decrease was found in the case of wounds treated with SSD.
We have also found that propolis contributed to increases in LN levels in the matrix of the burn wound at the beginning of the study, followed by a decrease later in the study. We propose that the significant initial growth of LN content is related to the apitherapeutic agent induced TGF-β expression (Ansorge et al., 2003; Moura et al., 2011) . Our results are in consistent with those of Natarajan et al. (2006) . Early LN expression is of particular importance in the course of the tissue regeneration process due to the Pearson's correlation coefficient (r) was used to estimate the association between two of all analyzed variables. NS: non-significant properties of LN, i.e., promoting and supporting cell migration, matrix assembly, and signaling (Köhling et al., 2006; Sugawara et al., 2008) . It is noteworthy that subsequent reduction of LN level in propolis-treated burns may also be an event stimulating wound repair. Over the course of tissue regeneration, LN can be depolymerized by matrix metalloproteinases (MMPs), which lead to formation of matrikines, peptides liberated by partial proteolysis of extracellular macromolecules. The epidermal growth factor-like repeats and angiogenic LN-derived peptides are examples of matrikines (Malinda et al., 2008) . The same patterns were also observed in the case of SSD implementation; however, the changes were expressed to a lesser extent. Due to the necessity to quantify the differences in LN metabolism between variously treated contact post-burn wounds of porcine skin, we used LAM-89 monoclonal antibody (Sigma). The antibody, as the only commercially accessible one, makes possible quantitative evaluation of porcine LN by ELISA. However, detailed specificity of LAM-89 toward various porcine LN isoforms is unknown. On the other hand, Geberhiwot et al. (2000) reported that LAM-89, which initially was intended for human LN detection, shows reactivity with its β1 chain. In addition, the clone LAM-89 reacts both with human LN localized in the basement membrane of the dermalepidermal junction and LN associated with dermal vasculature (El-Hadidy and El-Hadidy, 2003) . Thus, taking this into account, along with structural and functional homology between human and pig LNs, and the observed cross-reactivity of LAM-89 with LN from healing wounds of porcine skin, we suppose that porcine isoform containing β1 chain, most probably 511 one, was detected.
Besides LN, HS/HP actively influences dermalepidermal junction and takes part in the wound healing process (Sugawara et al., 2008; Tong et al., 2008; Iriyama et al., 2011) . We observed a short-term increase in HS/HP content in propolis-treated burn wounds. Initial growth of HS/HP amount is pivotal during early stages of tissue repair. It is known that HS/HP plays a key role in chemical signaling between cells through binding and regulating the activities of heparin-binding growth factors, proteolytic enzymes, and protease inhibitors (Tong et al., 2008) . However, after injury, HSPGs are degraded by locally secreted factors such as heparanases (Tong et al., 2008) . We propose that initially enhanced HS/HP deposition resulted from the antioxidative property of the propolis compound, caffeic acid phenethyl ester, which stimulates superoxide dismutase (SOD) activity (Yildiz et al., 2009) . SOD attenuates heparanase expression (Teoh et al., 2009) . However, the reduction in HS/HP content during the following days of the experiment is closely related to the later stages of repair process. Elevated HSPG expression during final stages of wound healing may correlate with enhanced fibroblast activation leading to the development of unabated wound repair, resulting in excessive ECM deposition and contraction (Chen et al., 2005) .
Moreover, a close linear correlation found between LN and both VN and HS/HP of propolistreated burns, in contrast to the correlation observed between LN and VN of SSD-supplied wounds, may suggest that the apitherapeutic agent is an effective factor in controlling ECM remodeling during the healing process.
The results obtained demonstrate that propolis modulates VN, LN, and HS/HP metabolism, leading to the better regulation of the primary wound healing cellular events including epidermal cell and keratinocyte migration and proliferation as well as fibroblast activation providing reepithelization and wound closure (Chen et al., 2005; McLennan et al., 2008; Goh et al., 2010; Kikkawa et al., 2010) .
It should be emphasized that presented results correspond to histological data described previously . We have found that propolis stimulated faster healing and diminished inflammation as compared with SSD, propolis vehicle, and NaCl action. However, at the beginning of the study (3 d post-burn), coagulative necrosis, inflammatory infiltration, and the lack of stratified squamous epithelium were found in the case of wounds treated with all agents. Only after the 5th day of the experiment did differences in the intensity of healing process vary depending on the applied agent. Only after propolis application did the initial symptoms of granulation (5 d post-burn), followed by enhanced granulation and the first reepithelization signs (10 d post-burn), occur. On Day 15 the extensive reepithelization was visible both on the border as well as in the central part of tissue damage and was accompanied by initial collagen accumulation. During the final days of the study (21 d post-burn), the new epithelium covered the propolis-treated wounds with simultaneous abundant collagen deposition in the burned tissue. The healing process was significantly delayed in the case of the other applied agents, particularly with the propolis vehicle and NaCl.
The beneficial effects of propolis treatment in burn healing found in our study, may suggest a potential application of this apitherapeutic agent in topical burn management.
